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ABSTRACT 

Telomere position effect (TPE) is the influence of 
telomeres on subtelomeric epigenetic marks and 
gene expression. Previous studies suggested that 
TPE depends on genetic background. As these 
analyses were performed on different chromo- 
somes, cell types and species, it remains unclear 
whether TPE represents a chromosome— rather 
than genetic background-specific regulation. We 
describe the development of a Linear Human 
Artificial Chromosome (L-HAC) as a new tool for 
telomere studies. The L-HAC was generated 
through the Cre-loxP-mediated addition of 
telomere ends to an existing circular HAC (C-HAC). 
As it can be transferred to genetically distinct cell 
lines and animal models the L-HAC enables the 
study of TPE in an unprecedented manner. The 
HAC was relocated to four telomerase-positive cell 
lines via microcell-mediated chromosome transfer 
and subsequently to mice via blastocyst injection 
of L-HAC + -ES-cells. We could show consistent 
genetic background-dependent adaptation of 
telomere length and telomere-associated de novo 
subtelomeric DNA methylation in mouse ES-R1 
cells as well as in mice. Expression of the sub- 
telomeric neomycin gene was inversely correlated 
with telomere length and subtelomeric methylation. 
We thus provide a new tool for functional telomere 
studies and provide strong evidence that telomere 
length, subtelomeric chromatin marks and expres- 
sion of subtelomeric genes are genetic background 
dependent. 



INTRODUCTION 

Human artificial chromosomes combine unique properties 
for transgenic (1) and putative gene therapeutic (2) appli- 
cations and are essential to study the function and archi- 
tecture of chromosome structural elements (3-6) — mainly 
centromeres and telomeres. 

Telomeres are specialized nucleoprotein complexes that 
protect chromosomal ends against degradation, fusion 
and recombination (7,8). In addition they promote 
specific chromosomal movements (9,10), have a role in 
holding sister chromatids together before resolution at 
mitotic anaphase (11) and can influence the expression 
of subtelomeric genes in a process known as telomere 
position effect (TPE) (12). 

Vertebrate telomeres have a tandemly repeated (TTAG 
GG) DNA-unit of which the number of repeats (total 
length) can differ between species, individuals, cell types, 
homologous chromosomes and even sister chromatids 
(13-15). In humans and likely in all mammals, the telo- 
meric repeat ends in a single-stranded G-rich 3' overhang 
that loops back into part of the double-stranded (TTAGG 
G)n repeats by homologous strand invasion. Capped telo- 
meres, generated via the T-loop model, most likely protect 
chromosomal ends in vivo (16,17). A complex of six 
telomere-specific proteins (TRF1, TRF2, POT1, TIN2, 
RAP1 and TPP1) (8,18) is proposed to control the struc- 
ture and modification of the telomeric DNA, thus 
ensuring the integrity of the chromosomal end. 
Dysfunctional telomeres result from either (sub-) telo- 
meric DNA or protein alterations causing the destruction 
of the protective end-cap (19). 

Telomerase is a ribonucleoprotein complex that can 
lengthen telomeres by using its reverse transcriptase 
(TERT) activity and its RNA subunit (TERC) as 
template (20,21). Aside from germ cells, stem cells and 
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most cancerous cells, adult human cells lack telomerase 
activity and thus telomeres will shorten with each 
cell cycle due to the end-replication problem. In addition 
telomeres can be lengthened by alternative recombination- 
based mechanisms. Some human cancers and immor- 
talized cell lines make use of these alternative lengthening 
of telomere (ALT)-pathway(s) (22,23). 

It was recently shown that telomere length affects the 
epigenetic status of mouse telomeres and sub telomeres. 
Benetti et al. (2007) (24) showed that lack of telomerase 
results in a decrease in trimethylation of H3K9 and 
H4K20, less CBX3-binding, increased levels of H3K9 
acetylation in the telomeric as well as in the subtelomeric 
chromatin, and decreased DNA methylation of the 
subtelomeric chromatin. These data suggest that 
telomere shortening results in the loss of (sub-) telomeric 
heterochromatin features leading to a more 'open' chro- 
matin state. Additionally, it was demonstrated that mouse 
cells that are knocked-out for specific chromatin building 
bricks undergo abnormal telomere elongation (25-27). 
Taken together, these results revealed important links 
between (sub-) telomeric chromatin conformation and 
telomere length homeostasis. 

Because telomeres affect the architecture of nearby chro- 
matin, they have the ability to influence the expression of 
subtelomeric genes via a process known as TPE. Although a 
molecular understanding of the TPE-mechanism is cur- 
rently lacking, its effect appears to be dependent on 
telomere length (28), local chromatin structure (29) and 
the distance relative to the telomere (30). Furthermore, 
the analysis of TPE in cells with different genetic back- 
grounds suggested that the subtelomeric chromatin and 
thus also the molecular mechanisms that underpin TPE 
may differ between different vertebrate genetic back- 
grounds (mouse ES-cells versus human tumor cell lines 
versus avian cell lines) (12,28,31). However, these studies 
were performed on chromosomes from different species 
obscuring whether the TPE-differences are chromosome 
rather than genetic background- specific effects. 

In this study, we linearize a circular human artificial 
chromosome (C-HAC) using artificial telomeres. The 
C-HAC was derived from a naturally occurring small ac- 
cessory chromosome consisting of a 4Mb region of the 
short arm of human chromosome 1 (lp2 1.3-22.1) and 
alphoid sequences of human chromosome 20, previously 
called chromosomal vector (CV) (32). This C-HAC/CV 
has previously been applied for transgenesis in cell lines 
and in vivo in mice (32,33) and for studying meiotic 
chromosome behavior and checkpoints (6). We apply 
the linearized human artificial chromosome (L-HAC) for 
analysing the influence of genetic background switching 
on (sub-) telomere processing and TPE. Our data 
provide substantial evidence that the structure, DNA 
methylation status and TPE of a specific chromosomal 
end alter in a cell-specific manner. 

MATERIALS AND METHODS 

The isolation of DNA and RNA from cells and tissues, 
Southern blot analysis, and DNA sequencing were per- 
formed according to standard procedures. 



Cell cultures 

Hamster El OBI hprt _/ " cells, CHL hprt~ /_ cells and 
mouse BALB/c 3T3 cells were grown in DMEM/F12 
(Life Technologies, NY) containing L-glutamine, pyridox- 
in HC1 and 10% FBS (Thermo Fisher Scientific, 
MA). Chicken DT40-CRE cells (34) were grown as des- 
cribed on the DT40 website (http://pheasant.gsf.de/ 
DEPARTMENT/dt40.html). ES-cells (Rl, 129/SVxl29/ 
SV-CP) (35) were grown on mitomycinC-treated 
G418-resistant mouse embryonic fibroblast feeder cells 
(Thromb-X, Leuven, Belgium) in TX-WES medium 
(Thromb-X) supplemented with L-glutamine (Life 
Technologies). 

Plasmids pSP73-TEL08-5 HPR 77-loxP and 
pSP73-TEL08-BLAS-loxP 

Plasmid pSP73-TEL08-5 / 77P7m-loxP contains 800 bp of 
cloned telomeric (TTAGGG)n repeats, followed by the 5' 
end of the human HPRT1 minigene (controlled by a SV40 
promoter) and a loxP sequence. It was created by ligating 
a 1254 bp BamHI restriction fragment carrying the 
'SV40-5 / #P7m-loxP' DNA cassette from plasmid 
pBS-Hyg/SV40 5'Hprt/loxP (60) into the unique BamHI 
site of plasmid pSP73.Styll. Plasmid pSP73.Styll 
contains 800 bp of cloned TTAGGG repeats and was a 
gift from Dr de Lange, T. (The Rockefeller University, 
NY). Two plasmids, pSP73-TEL08-5 / #P7m-loxP and 
pSP73-TEL08-loxP-5 / #P7m, were obtained depending 
on the orientation of the 'SV40-5W7m-loxP' cassette. 
Plasmid pSP73-TEL08-5W7?77-loxP that has a '(CCCT 
AA)n-SV40 promoter- 5' HPR 77-loxP' cassette was used 
for linearization of the circular HAC. Plasmid pSP73- 
TYiW%-\oxV-5 f HPR Tl was further modified into plasmid 
pSP73-TEL08-BLAS-loxP. To generate plasmid pSP73- 
TEL08-BLAS-loxP, the SV40 promoter and 5' end of 
the HPRT1 minigene of plasmid pSP73-TEL08- 
\oxP-5 f HPRTl were deleted by PvuII digestion, followed 
by purification and self-ligation of the remaining 3845 bp 
DNA fragment. Subsequently, a 2824 bp BamHI/XhoI 
fragment from plasmid MS2bsr (a gift of Dr Hiroshi 
Arakawa (Institute for Molecular Radiobiology, 
Munich, Germany)) containing a blasticidin-resistance 
gene driven by a chicken beta-actin promoter was 
blunted and ligated into the Smal site of pSP73-TEL08- 
loxP, resulting in plasmid pSP73-TEL08-BLAS-loxP. 

Transfections 

Plasmids pOG231 (expressing CRE) (18.75 jig), 
pSP73-TEL08-5 / 77i>7?77-loxP (25 ug) and pSP73-TEL08- 
BLAS-loxP (25 ug) were co-transfected into 12.5 x 10 6 
E10B1 cells (resuspended in 0.5 ml ice-cold DMEM/10% 
FCS) by electroporation at 230 V and 960 uF using the 
Bio-Rad Gene-Pulser (Bio-Rad, Hercules, CA). Twenty 
four hours later, selective HAT — (Life Technologies) 
and blasticidin — (Life Technologies) containing medium 
was added. After 8 days resistant colonies became visible 
and were picked. Transfections of plasmid pBS-TEL- 
aSAT-HYG into the chicken DT40-CRE cells that 
contain the L-HAC were performed as described on the 
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DT40 website (http://pheasant.gsf.de/DEPARTMENT/ 
dt40.html). DT40-CRE clones were selected in medium 
containing 1.5mg/ml hygromycin (Life Technologies). 

Microcell-mediated chromosome transfer 

All microcell-mediated chromosome transfers (MMCTs) 
were performed according to the following basic 
protocol. To induce micronucleation, colcemid was 
added to a final concentration of 0.5|ig/ml to 3-4 x 10 7 
donor cells in exponential growth. After 36 h, cells were 
trypsinized and pelleted by centrifugation at 800 rpm for 
10 min (4°C). The pellet was resuspended in 4 ml 
serum-free medium (SFM) at room temperature (RT) 
and mixed with two pre-warmed (37°C) 40 ml 1:1 v/v 
Percoll (Amersham Biosciences, Uppsala, Sweden)/ 
DMEM gradients containing 20 (ig/ml cytochalasin B 
(Sigma, St. Louis, MO) and 0.1 ug/ml colcemid (Life 
Technologies). The mixture was centrifuged in a 
pre-warmed centrifuge at 43 000g (19 000 rpm) for 70 
min at 37°C. Microcells (15 ml gradient aliquots) were 
washed with 35 ml SFM, pelleted by centrifugation at 
1500 rpm for 10 min (4°C), resuspended and pooled in 

5 ml medium. Microcell formation was checked under 
the microscope. The microcells were pelleted, resuspended 
in 1 ml SFM, and added to a 25 cm 2 culture flask contain- 
ing 90% confluent adherent acceptor cells (in the presence 
of 100 jag (Sigma)) or mixed with ±3xl0 7 log phase 
acceptor cells in suspension and were allowed to adhere 
to the acceptor cells by incubation at 37°C for 10 min. The 
medium was removed and 1 ml pre-warmed (37°C) 50% 
w/v polyethylene glycol 1 500 (Roche, Basel, Switzerland) 
was added for 1 min. Subsequently, the acceptor cells were 
washed 3 times with medium and were finally plated out in 
medium containing penicillin/streptomycin (P/S) (Life 
Technologies). After 24 h, selective medium was added. 
To allow counter-selection of contaminating donor cells, 
BALB/c 3T3 acceptor cells were modified to be puromycin 
resistant by transfection of plasmid pPNT-PURO/TK. 
Upon MMCT (Figure 2) the BALB/c cells were selected 
in medium supplemented with 10(ig/ml puromycin (BD 
Biosciences, Franklin Lakes, NJ) and either 4jig/ml 
blasticidin or 400 (ig/ml G418 (Life Technologies). 
DT40-CRE cells receiving a L-HAC from the L-HAC + 
BALB/c 3T3 cells were selected in medium containing 

6 (ig/ml puromycin and 30 |ig/ml blasticidin. The 
DT40-CRE acceptor cells contained plasmid BML4- 
PURO (a gift of Dr Arakawa H., Institute for 
Molecular Radiobiology, Munich, Germany) and were 
thus puromycin resistant. The BALB/c 3T3 L-HAC + 
cells were applied as donor cells to provide the CHL 
hprt~^~ cells with the L-HAC. The latter were selected in 
30 uM 6-Thioguanine (Sigma-Aldrich, Saint Louis, MO) 
and 3 ug/ml blasticidin. CHL hrpC 1- cells receiving the 
size-reduced L-HACs from the HAC + DT40-CRE donor 
cells were selected in 30 uM 6-Thioguanine and 700 ug/ml 
hygromycin. ES-R1 clones with a L-HAC from CHL 
hrpt~^~ cells were grown on mitomycinC-treated neo R - 
MEFs in TX-WES medium supplemented with HAT 
and either 300 or 500 ug/ml G418. 



BAL-31 exonuclease treatment 

We mixed 360 ug genomic DNA (prepared by phenol- 
chloroform extraction without vortexing) with 5U 
BAL-31 exonuclease (New England Biolabs, Ipswich, 
MA) in a 800 ul reaction and incubated it at 30°C. At 
time points 0, 8 and 20 h, a portion of the mixture was 
removed and the BAL-31 exonuclease was inhibited by 
adding 80 ul of 0.5 M EDTA pH 8.0. DNA was extracted 
by phenol-chloroform and lOug was used for restriction 
digestion and Southern blot analysis. 

Fluorescent in situ hybridization 

Hamster Cotl DNA was obtained from Life 
Technologies. Chicken Cotl DNA was prepared from 
sonicated DT40 genomic DNA. The DNA fragments 
(ranging between 200 bp and 800 bp) were denatured 
(5 min at 95°C in 0.3 M NaCl), repetitive sequences were 
renatured at 65°C for t (= 1/Co) seconds (Co = start con- 
centration of the DNA in mol/1) and finally, the remaining 
ssDNA-fragments were hydrolyzed (30 min at 37° C) with 
Nuclease SI (Roche). The oc-satellite DNA probe specific 
for the HAC was generated by low stringency PCR using 
primers 5'-AGTAAGTTCT TTGTGTTGCC TC and 5'- 
CAGAGTGTTT CCAAACTACT CTATG and El 0B1 
DNA as template (32). PI -derived artificial chromosomes 
(RPCI-5 837021 and RPCI-4 573H3) were used as probes 
for detecting human chromosome lp21-22 sequences. 
Probes were labeled with either digoxygenin- 1 1 -dUTP or 
biotin-16-dUTP using, respectively, the DIG-Nick or the 
BIOTIN-Nick Translation Mix (Roche). Denaturation of 
the metaphase slides and probes, hybridization and subse- 
quent detection of the fluorescent signals were performed 
as described previously (32). Fluorescent in situ hybridiza- 
tion (FISH) with a FITC-(C 3 TA 2 )3 peptide nucleic acid 
(PNA) probe to detect telomere sequences was performed 
as described (36). Chromosomes were counterstained 
with DAPI and the slides were mounted in Vectashield 
mounting medium (Vector Laboratories Inc., 
Burlingame, CA). The signal was visualized by digital 
imaging microscopy using a cooled charge-coupled 
device camera (Photometries Ltd, Tucson, AZ) coupled 
to the QuipsFISH system (Abott laboratories, Illinois). 

Pulsed-field gel electrophoresis 

Cells were cultured, trypsinized (if needed), washed two 
times with 1 x PBS (Life Technologies) and diluted to 
3 x 10 7 cells/ml in 1 x PBS. An equal volume of 1.5% 
low-melting point agarose (Life Technologies) was 
added. The mixture was divided into block molds and 
allowed to set overnight at 4°C. Upon addition of 20 
volumes of lysis buffer (100 mM EDTA, pH 8.0; 10 mM 
Tris-HCl, pH 8.0; 1% (w/v) Sarkosyl; 100 ug/ml protein- 
ase K) the blocks were incubated overnight at 50° C. After 
repeating the lysis step at 37°C, the blocks were washed 3 
times for lh with 10 volumes of storage buffer (10 mM 
Tris-HCl, pH 8.0; lOmM EDTA, pH 8.0) supplemented 
with PMSF at RT. Subsequently, the blocks were washed 
3 times 30 min at RT with 10 volumes of Tris-HCl 
(pH 8.0). The DNA fragments were size separated using 
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chromosomal grade agarose (Bio-Rad Laboratories) on a 
CHEF mapper XA system (Bio-Rad Laboratories). The 
standard was a Schizosaccharomyces Pombe size standard 
from Bio-Rad Laboratories. 

Quantitative PCR 

Quantitative real-time PCR (qPCR) was carried out on a 
LC480 apparatus (Roche). Reactions were performed 
using the 'LightCycler® 480 SYBR Green I master' mix 
(Roche) and lOng genomic DNA or 50 ng of cDNA. 
Primers were designed with the LightCycler Probe 
Design2 software (Roche) and are given in 
Supplementary Table SI together with the PCR primers. 
All experiments were run in duplicate and each time a 
non-template control was included. Data were analysed 
with the instrument software and further dissected in 
Excel (Microsoft) via the comparative ddCt method 
(Sequence Detection System, bulletin no. 2; Life 
Technologies). Neomycin expression levels were 
normalized against two individual murine housekeeping 
genes (Hprt, Actb) to correct for potential variation in 
housekeeping gene expression levels between the ES-R1 
and BALB/c genetic backgrounds. In addition, NEO ex- 
pression data were corrected for the number of HACs per 
cell. For that, genomic DNA was collected for each 
sample and qPCR was performed using primers for the 
HAC (NEO and PAC 837021) and for the mouse Rerl 
locus. Each dataset represents the pooled data per genetic 
background (ES-R1 circular: ES-g and ES-h, ES-linear: 
ES-R1-3-19-19-33-47 and ES-R1-3-19-19-32-27 and 
BALB/c: BALB/c-E and BALB/c-L which represent 
BALB/c-3-19-19 cells from early (E) and late (L) 
passage) with the standard deviation (SD) reflecting the 
variation between both samples. BALB/c cells were grown 
in the absence of blasticidin; ES-cells were cultured 
without feeder cells in G418 medium. 

Telomeric repeat amplification protocol 

TRAP-assays were performed with the TqXoTAGGG 
Telomerase PCR ELISA PLUS kit from Roche according 
to the manufacturer's instructions. 

Bisulfite sequencing 

Bisulfite treatment of 1 jig genomic DNA was performed 
with the EZ DNA Methylation Kit™ from Zymo 
Research (Irvine CA) according to the manufacturer's in- 
structions. Bisulfite sequencing primers were designed using 
the Methyl Primer Express® software (vl.O) from Life 
Technologies. The primers that were used are: subTEL 
forward y-GTTTGGTGGTTTTTAAGAGG and 
subTEL reverse 5'-ACAATCCATCTTATTCAATAACC 
. PCR reactions were performed in 50 ul reactions (16.6 mM 
(NH 4 ) 2 S0 4 ; 67 mM Tris, pH 8.8; 6.7 mM MgCl 2 .6H 2 0; 
10 mM P-mercapto-ethanol; 0.2 mM dNTP) with lOpmol 
of each primer using 2 jil ( ± 200 ng) of bisulflte-treated 
genomic DNA and 1 U JumpStart™ REDTaq® DNA 
Polymerase (Sigma). PCR products were directly 
sequenced using the BigDye® Terminator v3.1 Cycle 
Sequencing Kit (Life Technologies) and samples were run 
on a 3130x Genetic Analyzer (Life Technologies). Data 



analysis was based on the chromatograms obtained from 
the Genetic Analyzer. For the in vivo data signal intensities 
of the C's and T's were compared between the C-HACs 
and the L-HACs. For the in vitro data we additionally cal- 
culated the percentage of methylation for each of the 18 
CpGs surrounding the EcoRI(2) site. To this extent the 
initial PCR products were subcloned into the pGEM-T 
easy vector and for each PCR product 12 clones were 
sequenced. The percentages that are depicted in Figure 4 
represent the percentage of clones that have the 
C-nucleotide methylated at that specific CpG. 

RESULTS 

Generation and structural characterization of the L-HAC 

The circular HAC (32), was capped with artificial telo- 
meres in the hprC 1- telomerase-positive hamster CHL 
cell line (El 0B1) by CRE-loxP-mediated recombination. 
Two linear DNA-constructs carrying 800 bp of cloned (TT 
AGGG)n repeats as well as a positive selectable marker 
gene (BLAS or 5 f HPRTl) and a loxP site were 
co-transfected with a transient CRE-expression plasmid 
pOG231 to the El 0B1 hamster cell line that carries the 
circular HAC (Figure 1A). 123 HAT- and 
blasticidin-resistant clones were picked and analysed 
further with PCR using primer sets spanning the loxP re- 
combination sites as well as sequencing of the amplifica- 
tion products (data not shown). The expected 
recombination had occurred in 90% of the clones. 
Subsequently, 15 clones were subjected to telomere 
FISH analysis (Figure IB to D). Six clones displayed the 
expected four telomeric signals on the HAC upon hybrid- 
ization of a PNA telomeric probe (Figure IB to D) and 
rehybridization of the metaphases with an alphoid-20 
DNA probe recognizing the HAC specifically (Figure 
IE). To ensure that no hamster sequences had integrated 
into the HAC that could explain its stable maintenance as 
an independent chromosome hamster Cot-1 and 
alphoid-20 probes were co-hybridized to the metaphases. 
In five of the clones no hamster Cot-1 signals were 
detected on the L-HAC (Figure IF and H). Finally, the 
structure of the five potentially linear HACs was further 
analysed via Southern blot. Although correct CRE/loxP 
recombinations were detected between the C-HAC and 
the linear targeting constructs, other recombination 
events, putatively not on the HAC were detected as well 
(data not shown). Hence, to separate the HAC from these 
background signals it was transferred to a BALB/c back- 
ground by MMCT. 

The mouse BALB/c 3T3 acceptor cells were telomerase 
positive by TRAP analysis and displayed telomere lengths 
ranging from lOkb to 100 kb by terminal restriction 
fragment (TRF) analysis. These cells moreover do not 
carry long interstitial DNA-(TTAGGG)n arrays in their 
genome as hamster cells do thus simplifying the cytogenetic 
analysis of telomeres on the transferred chromosome. More 
than 200 BLAS resistant BALB/c clones grew out per 
MMCT experiment. To ensure clonality for downstream 
analyses six BALB/c subclones (3-3-14, 3-3-35, 3-19-19, 
3-19-21, 14-9-5 and 14-9-31) were selected by FISH 



Nucleic Acids Research, 2012, Vol 40, No. 22 11481 



loxP 



loxP 



C-HAC < \Vp22A\ 1p21.3 |TKp"Ifl3#^ — | > " < | —^« ^|d><l| ^21.31^ 

alphoid 20 

+ pOG231 

+ pSP73-TEL08-5'HPRT1-loxP Agi | sv4Q P | ^TTffb ^ 
+ pSP73-TEL08-BLAS-loxP ^4^1=1 dygo| T EL*) 

--HAC /-|3l| cBAp [ 3WV -^4 ^ n| dv< | | lp21.3 I |lp22.1 | 1p21 3 1 1 Kp[^t^- ^SBH"dygo|TEL^ 

+ ^TEL|SV40p| HH3^--41EB^ 




Figure 1. Linearization of the C-HAC. (A) Plasmids PSP73-TEL08-5' HPRTl-loxP, pSP13-TEL0$-BLAS-loxP and the CRE-expression plasmid 
pOG231 were co-transfected into the hprt~^~ El OBI hamster cell line carrying the C-HAC. CRE/loxP-induced recombination resulted in a linearized 
HAC with a blasticidin selection marker and reconstituted the HPRT1 minigene, which was excised from the HAC. The orientation of the loxP sites 
in the constructs pSP73-TEL08-5 / // J P J RT7-/oxP and pSP73-TEL08-i?Z^4S , -/<9xP is designed in such a way that it does not allow any other recom- 
bination. (B-D) FISH analysis on El OBI metaphase spreads with a PNA telomeric probe (green) counterstained with DAPI (blue). HACs displayed 
the expected four telomeric signals. Strong telomere signals were present on the hamster chromosomes due to the presence of interstitial telomeric 
repeats in the CHL cell line. (E) Rehybridization of the metaphases with an alphoid-20 DNA probe (red). (F-H) FISH with hamster Cotl DNA 
(green) and alphoid-20 DNA probes (red). (C and G) Detailed image showing the PNA telomeric signal/hamster Cotl signal in grayscale. (D and H) 
Corresponding color-inverted, grayscale DAPI images. Arrowheads point to the HACs. 



analysis (Figure 2A). TRF analyses were performed on 
these six subclones. For this, genomic DNA was digested 
with either PstI or PvuII, size separated by agarose gel elec- 
trophoresis, Southern blotted and probed for BLAS and 
NEO sequences, respectively (Figure 2B to D). Clones 
carrying a linear HAC were expected to display similar 
band patterns for both TRF analyses but with a band 
shift of 1.5 kb between the PstI and PvuII HAC-telomere 
restriction fragments. This was indeed the case for the band 
pattern detected above 8 kb in four (3-3-14, 3-3-35, 3-19-19 
and 3-19-21) of the six BALB/c subclones analysed, suggest- 
ing that these contain a linear HAC with de novo seeded 
telomeres of at least 5.4 kb (Figure 2B to D). Further 
proof for HAC linearization was obtained by incubating 
the genomic DNA with a BAL-31 exonuclease before 
HAC-specific TRF analysis was performed. Decreased 
TRFs with increasing BAL-31 incubation-time were 
detected in the four BALB/c subclones demonstrating 
that the BLAS and NEO were indeed located at a 



chromosomal end (Figure 2E). Bands that represented 
interstitial DNA sequences served as internal controls for 
BAL-3 1 treatment. The BLAS probe labels an aspecific 5 kb 
PstI fragment of the host genetic background (Figure 2C), 
whereas the NEO probe detects a 3.6 kb PvuII fragment of 
the HAC adjacent to the TRF (Figure 2B and D). Neither of 
those bands reduced in size or intensity immediately follow- 
ing BAL-31 treatment (Figure 2E). 

The anticipated subtelomeric structure of the L-HACs 
was further confirmed by Southern blot using EcoRI and 
the NEO probe (Figure 2F) as well as by PCR analyses 
(data not shown). A more profound structural analysis 
demonstrated that the linear HAC was capped with iden- 
tical (sub-) telomeres (Figure 1A, Supplementary Methods 
SI, Supplementary Figure SI). Furthermore, the human 
lp21.3 and lp22 sequences that mapped to the circular 
HAC were also found on the L-HAC as tested by STS- 
PCR analysis suggesting that the genomic content had not 
altered upon linearization (Supplementary Figure S2). 
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Figure 2. Proof of HAC-linearization in mouse BALB/c 3T3 cells. (A) FISH with alphoid-20 DNA (red) and PNA telomeric (green) probes. 
Arrowheads point toward the HAC. Grayscale representation of the telomeric signal is shown on the right. Bar, 10 um. (B) Schematic representation 
of TRF restriction digests and expected fragment lengths. Bold bars represent probes for neomycin (NEO) and blasticidin (BLAS). (C and D) 
Comparative TRF analyses of genomic DNA cut with Pstl (C) or Pvull (D) that was size-separated by agarose gel electrophoresis and probed with 
the BLAS and NEO probes, respectively. Except for BALB/c 14-9-5 and 14-9-31 the BALB/c clones display an identical fragment pattern in the 8- 
12 kb region (above red-dashed line) for both restriction digests, with a 1.5 kb length difference. Internal control fragments of 5kb (shown in C) and 
3.6 kb (shown in D) were detected. (E) BAL-31 experiment on clone 3-19-19. Increasing the BAL-31 incubation-time preceding the TRF analysis 
resulted in decreasing fragment lengths. TRFs were monitored after 1, 3, 8 and 18 h of BAL-31 incubation. The 3.6 kb control fragment (D) remained 
unaltered. Right panel shows the EtBr-stained agarose gel. (F) Southern blot analysis (left panel) of EcoRI digested genomic DNA from clone 
BALB/c 3-19-19 probed with NEO resulted in the expected 3.9 kb fragment. 



Telomere length is genetic background dependent 

To study the function of the artificial telomeres as well as 
the epigenetic alteration of its (sub-) telomere in different 
genetic backgrounds, we transferred the L-HAC from 
the mouse BALB/c genetic background to a chicken 
DT40-CRE cell line, hamster hprt~'~ CHL cells and the 
mouse embryonic stem cell line ES-R1 by MMCT accord- 
ing to the scheme presented in Figure 3. 

TRF analysis preceded by time-lapsed BAL-31 incuba- 
tion displayed the expected decrease in TRF length, con- 
firming that the linear structure of the L-HAC was 
maintained in all 5 DT40 (Figure 4A), 6 CHL 
(Figure 4B) and 4 ES-R1 (Figure 4C) clones tested. 



Pulsed-field gel electrophoresis (PFGE) of HAC-TRFs 
revealed a background-dependent variability in telomere 
length while HAC-TRFs of similar lengths were detected 
among different clones from the same genetic background. 
The BALB/c donor cells contained HACs with telomere 
lengths varying from 9kb to 21.5 kb (Figure 4E). Upon 
shuttling to the chicken DT40-CRE acceptor cells HAC- 
telomeres had shortened significantly, despite high tel- 
omerase activity. PvuII-digested DT40-CRE genomic 
DNA yielded HAC-TRFs between 5kb and 8kb in 
length (Figure 4D), indicative of telomere lengths 
between 1.5 kb and 4.5 kb. The original telomere length 
of 9-21.5 kb on the shuttled chromosomes was reduced 
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Figure 3. Overview of the transfer of the L-HAC to four different genetic backgrounds. The circular HAC originally resided in the El OBI cells. 
Linearization was acquired via the co-transfection of two linear constructs pSP73-TELQ8-BLAS-loxP and PSP73-TEL08-5' HPRTl-loxP with the 
CRE-expression plasmid pOG231. Putative L-HACs were transferred to a BALB/c 3T3/puro cell line by MMCT and subsequently to the DT40-CRE 
cell line, where they were structurally characterized (Supplementary Data). In addition they were relocated from the BALB/c cells to an hprt~^~ CHL 
cell line and next to the ES-R1 cell line. The latter was applied to generate transchromosomal mice. As such the linear HAC is present in four unique 
genetic backgrounds (gray rectangles) that can be used to study TPE and (sub-) telomeric alteration at a single telomeric end. Selection criteria are 
displayed. 



to equal telomere lengths in all five independent DT40 
clones. This suggests that telomere length homeostasis is 
strictly regulated in the chicken DT40-CRE cells. The 
latter is reinforced by the fact that the five DT40-CRE 
clones received their L-HAC from three different donor 
BALB/c subclones and via three separate MMCT experi- 
ments (3-3-14, 3-3-35 and 3-19-19). In contrast, L-HAC 
telomeres measured 12-20kb in the CHL hamster cells 
and ~50kb in the ES-R1 cells. As such, an increase in 
telomere length of at least 35 kb was induced upon 
transfer of the L-HACs from their respective donor 
CHL cell line to the ES-R1 acceptors (Figure 4E). 
Taken together, these results indicate that telomere 
length of the same chromosome is adjusted in a genetic 
background-specific manner rather than it is maintained 
in the recipient telomerase-positive cell. 

Subtelomeric chromatin of the L-HAC alters in a genetic 
background-dependent manner 

Besides telomere length, the subtelomeric chromatin state 
was altered by the genetic background as well. L-HAC 
subtelomeric DNA was analysed by Southern blot of 
EcoRI-digested DNA and NEO sequences as a probe. 
Whereas the L-HAC present in the BALB/c and CHL 
clones resulted in the expected 3.9 kb subtelomeric 
fragment, all analysed ES-R1 clones revealed an 
aberrant band pattern that was not due to the ES-R1 of 
MEF-neo R genetic background (Figure 5 A and B). The 
EcoRI site that was located 3870 bp upstream of the telo- 
meric repeat (EcoRI (2) , 5 / -C GAATTC G) (Figure 5B) con- 
tained 2 CpGs (5* and 6*) that when methylated could 
explain the unexpected Southern blot band pattern shown 
in Figure 5 A. Bisulfite sequencing of 2 ES-R1 clones 
(ES-R1-3-19-19-33-47 and ES-R1-3-19-19-32-27) as well 
as their respective donor cells (CHL-3- 19- 19-33 and 
CHL-3- 19- 19-32) confirmed this hypothesis. To quantify 



the level of methylation per CpG-site, DNA-amplicons 
obtained after bisulfite DNA-treatment were first cloned 
in the pGEM-T cloning vector and subsequently, for each 
PCR product 12 unique clones were sequenced. In the 
ES-cells, 17 of the 18 subtelomeric CpGs were found 
to be methylated in 50-75% of the cells, explaining the 
occurrence of the 5.1 kb fragment. In the CHL cells on the 
other hand the equivalent CpGs were almost never 
methylated (<25% of the cells) (Figure 5C), hence 
the CHL clones always displayed the expected 3.9 kb 
EcoRI fragment. Bisulfite sequencing of the same 
methylation-sensitive EcoRI-locus on the C-HAC in two 
independent mouse ES-R1 acceptor clones as well as in the 
hamster El OBI donor cell line indicated that this site 
remained hypo-methylated on the C-HAC (Figure 5C). 
This strongly suggests that the de novo methylation of 
the subtelomeric CpG dinucleotides on the L-HAC is 
directly linked to the neighboring telomere rather than a 
trait inherent to the genetic background of the ES-R1 
cells. In addition, we analysed via bisulfite sequencing 
the subtelomeric region of the L-HAC in the BALB/c 
and DT40 cells. The level of L-HAC subtelomeric CpG 
methylation, deduced from the chromatograms of the 
Genetic Analyzer, was similar in these genetic back- 
grounds when compared to the L-HAC in the CHL back- 
ground (Supplementary Figure S3). 

We conclude that both telomere length and sub- 
telomeric chromatin, measured by DNA CpG methyla- 
tion, are altered in a genetic background-specific manner. 

TPE is genetic background dependent 

The influence of the telomere on the expression of the 
subtelomeric neomycin resistance gene was investigated. 
The expression of NEO present on the L-HAC in the 
ES-R1 cells was downregulated 9-fold compared to its 
circular counterpart in the same background and 
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Figure 4. TRF analyses of the L-HACs in the different genetic backgrounds. (A-C) Genomic DNA incubated with the BAL-31 exonuclease for 0, 8 
or 20 h was digested with the Pvull restriction enzyme, blotted and probed for neomycin sequences. (A) The TRFs of the L-HAC present in the 
DT40 clones 3-19-19-2, 3-14-14-1 and 3-14-14-2 migrate between 5kb and 8kb (Oh). Increasing the BAL-31 incubation-time results in a decrease in 
TRF length. Typical BAL-31 degradation products are observed together with fragments inherent to the DT40 background. (B) A similar TRF 
pattern is observed upon BAL-31 incubation for CHL-clones 3-19-19-32 and 3-19-19-35. (C) Although in the ES-R1 background a decrease in TRF 
length is less pronounced, the typical degradation products for BAL-31 treatment are clearly present. (D-E) TRF analysis of genomic DNA, cut with 
Pvull and detected with the NEO probe. (D) TRF analysis of 5 DT40 clones (DT40-3-3-14-1, DT40-3-3-14-2, DT40-3-3-14-3, DT40-3-3-3-35, 
DT40-3-19-19-2) and the WT DT40-CRE line. TRFs consistently locate between 5kb and 8kb in all the tested clones. (E) PFGE of the TRFs 
of the linear HAC in the BALB/c, CHL and ES-R1 cells lines. TRFs for the BALB/c, CHL and ES-R1 cell lines were about 12.5-25 kb, 12-20 kb 
and 50 kb in size, respectively. 



9.5-fold compared to the expression levels from the 
L-HAC in the BALB/c background (Figure 6). NEO 
expression levels did not differ between BALB/c cells 
carrying the circular or the linear HAC. 

These data strongly suggest that TPE acting on the 
same chromosome is genetic background dependent. 
The drop in NEO expression levels is consistent with the 
de novo methylation of the subtelomeric region of the 
L-HAC in the mouse ES-R1 cells. 



Linear and circular artificial chromosomes as tools for 
in vivo functional studies in mice 

To analyse telomere function in vivo, transchromosomal 
mice carrying the L-HAC were generated. ES-cells from 
clone 3-19-19-33-47 were injected into Swiss blastocysts. 
This ES-clone displayed the highest mitotic stability 
(0.045% loss rate) upon 40 population doublings in 
absence of any selective pressure (data not shown). 
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Figure 5. Analysis of the L-HAC subtelomeric region. (A) Southern blot analysis of genomic DNA derived from El OBI cells with the C-HAC and 
BALBc, ES-R1 and CHL cells carrying the L-HAC, digested with EcoRI and probed for NEO. In addition to the 3.9 kb expected fragment an 
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sites 
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spaced 1298 bp 



[(2) and (3)] 



and 3863 bp 



[(1) and (2)] 



apart. EcoRI( 2 ) is prone to CpG methylation, both at the C-nucleotide 5' from its 



recognition site as on its terminal C-nucleotide (5* and 6*). EcoRI (3 ) contains no CpGs. Depending on the methylation status of EcoRI( 2 ), Southern 
blot analysis with the NEO or BLAS probes will result in a fragment of either 3.9 kb (EcoRI (2 ) unmethylated) or 5.1 kb (EcoRI( 2 ) methylated). The 
black bar above the NEO cassette represents the recognition site for the NEO probe. (C) Bisulfite treatment of an identical subtelomeric region from 
both the CHL and ES-R1 cells and for both the circular and the linear HAC. The selected region contains both the TK promotor and part of the 
Neomycin resistance gene and is represented by a black bar at the bottom of (B). The area contains 18 CpGs among which those of EcoRI (2 ) (5* and 
6*). The methylation status of each of the CpGs is depicted by a colored circle according to the legend. Black circle: CpG methylated in >75% of the 
cells; dark gray circle: CpG is methylated in 50-75% of the cells; strikethrough circle: CpG methylated in 25-50% of the cells; white circle: CpG 
methylated in <25% of the cells. 




Figure 6. Relative expression levels of the neomycin resistance gene from the circular and linear HAC in the BALB/c and ES-R1 cells. NEO 
expression levels are normalized to the expression of housekeeping genes Hprt and Actb and are calculated as the relative expression level per 
L-HAC. The average expression level per background is depicted. Data are presented such that the average expression level of the L-HAC in the 
ES-R1 cells is 1. SDs from three independent clones for each background are shown. 
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Figure 7. Telomere co-FISH on metaphase spreads derived from L-HAC + ES-cells from clone 3-19-19-33-47 (A) and from mouse tail fibroblasts 
(Fl-2 mice) (B). The HAC was identified via the alphoid-20 probe, labeled either in red (A) or green (B) whereas a telomeric probe, labeled in the 
complementary color, was used to screen for the presence of telomeric sequences. A ; and B 7 display a magnification of the regions indicated in A and 
B, which display the complete metaphase. In panels A and A f sister chromatids already separated whereas in panels B and B 7 they are still connected. 



FISH analysis with the alphoid-20 probe together with a 
telomere probe revealed the expected 4 telomeric signals 
at the L-HAC and demonstrated that it was maintained 
as an individual chromosome (Figure 7 A and A'). A single 
male chimera with 10% chimerism was obtained. 
Backcrossing this mouse to a WT Swiss female enabled 
the transfer of the L-HAC to 6% of the first generation 
(Fl) offspring. Similar to the transgenic mice carrying the 
C-HAC (32) the obtained Fl-L-HAC + -mice were back- 
crossed to both the NMRI and C57B1/6 mouse genetic 
backgrounds. 

FISH analysis of tail fibroblast metaphases derived 
from Fl-L-HAC + -mice using a combination of the 
alphoid-20 and telomere probes confirmed that also 
in vivo the L-HAC was maintained as an independent 
chromosome with the expected telomeric signals 
(Figure 7B and B'). Crossing six F2 males with WT 
NMRI females for a period of 6 months demonstrated a 
male germline transmission efficiency of 34% 
(Supplementary Table S2). 

To study the artificial telomeres in vivo we performed 
TRF analysis on genomic DNA isolated from mouse lung 
tissue using PstI and the BLAS probe. Four littermates dis- 
played telomeres of similar length between 30 kb and 70 kb 
(Supplementary Figure S4). Bisulfite sequencing of tail 
fibroblast DNA derived from two Fl-L-HAC + -mice as 
well as from three mice carrying the C-HAC (backcrossed 
to the NMRI and 129/Sv backgrounds for 15 and 11 gen- 
erations, respectively) was performed to check the methy- 
lation status of the HAC-subtelomere. All analysed CpG 
sites were fully methylated in mice carrying the L-HAC 
whereas in mice carrying the C-HAC the methylation 
status at each CpG was between 25% and 50% at most 
(Figure 8). 

DISCUSSION 

We developed a tool to study (sub-) telomere architecture 
and TPE on an identical chromosome in different genetic 
backgrounds. For the first time, firm evidence is provided 
that telomere length, subtelomeric chromatin and TPE are 
mainly driven by features inherent to the genetic back- 
ground and can vary extensively in different telomerase- 
positive genetic contexts. Furthermore, this tool allows the 



monitoring of the modulation of (sub-) telomeres upon 
transfer of a chromosome between different genetic 
backgrounds. 

A L-HAC was engineered from a C-HAC (32) by 
CRE-loxP-mediated linearization and de novo telomere 
seeding in a telomerase-positive cell line (El OBI). Both 
the L-HAC and the C-HAC can be shuttled between dif- 
ferent cell lines of different species by MMCT and both 
have been demonstrated to efficiently migrate through the 
male and the female mouse germline enabling in vivo 
studies as well. 

Upon transfer of the L-HAC from the BALB/c 3T3 cell 
line to the chicken DT40-CRE line, the majority of 
HAC-telomeric lengths decreased from 9-21.5 kb to 1.5- 
4.5 kb despite comparable levels of telomerase activity in 
both cell lines. Although the DT40 clones were created 
from three different BALB/c donor clones HAC-telomeres 
were reduced to a similar length in all five DT40 clones, 
strongly suggesting that telomere length adaptation is 
a recipient-cell-specific process independent from the 
MMCT technique. In contrast, HAC-telomeres were sig- 
nificantly elongated in the mouse ES-R1 genetic context 
when shuttled from the hamster CHL cells. HAC-TRFs 
measured ~50kb in the mouse ES-R1 cells whereas 
they were 12-20kb in length in the donor CHL cells. 
Genetic-dependent adaptation of telomere length has 
been observed before on mouse chromosomes (37). 
Together these results prove that telomere length is not 
chromosome-specific per se, but that it most likely is 
determined by the genetic context. Furthermore, they 
demonstrate that the L-HAC is a valid tool for studying 
cell-specific telomere structure on an identical chromo- 
somal context. 

A number of studies in yeast as well as in mammalian 
cells have shown that telomeres have the ability to silence 
nearby genes. Since TPE is dependent on telomere length 
(28) and on the distance of a particular gene relative to a 
telomere (30), TPE has been suggested to play a role in a 
variety of human syndromes through the silencing of 
genes relocated to telomeres. In addition, TPE might be 
implicated in a mechanism to control subtelomeric gene 
expression throughout the replicative life-span of cells (38) 
as well as in embryo development (12). However, the 
exact function of TPE remains elusive as its molecular 



Nucleic Acids Research, 2012, Vol 40, No. 22 11487 



EcoRl{2) 

Untreated seq ttggcgaattc gaacacgcagatgc agtcggggc ggcgcggtcc caggtcc acccc gcacacca 

C P G 5* fi* 7 8 9 10 11 12 



Bisulfite seq ttg gtjsaat t t_gaat at gt a gat gt a gt t g gg gt g gt gt ggt t t t a g gt t t at t t t gt at at t 



C-HAC (F11) 



Bisulfite seq 



L-HAC (F1) 




Figure 8. In vivo bisulfite sequencing data for the C- and L-HAC. Analogous to the in vitro analysis, a region of 60 bp surrounding EcoRI ( 2) was 
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derived from mice backcrossed to the NMRI background for 11 generations. For the L-HAC, solely mice from generation 1 (Fl) were available. The 
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sequence that was obtained upon bisulfite treatment and sequencing PCR; Fll: the 11th generation of offspring; Fl: the 1st generation of offspring. 



mechanism. TPE involves changes in subtelomeric chro- 
matin conformation but it is hypothesized that different 
genetic backgrounds have different TPE molecular mech- 
anisms (30). For instance, TPE in normal mouse cells is 
associated with DNA-methylation and complete gene 
silencing (12), which has not been observed for TPE in 
human tumor cells (28,31). Similarly, TPE in mouse ES- 
cells could not be reversed by trichostatin A treatment as 
was the case in human tumor cell lines (12). Caveat for the 
hypothesis however, is that these studies were performed 
in different species and on different chromosomes with 
potentially different local chromatin structures. The 
latter has been shown to influence TPE (29,39). By 
analysing TPE from an identical chromosome in different 
genetic contexts, we provided in this study significant 
evidence that telomere length and subtelomeric DNA 
methylation, are indeed genetic context dependent. 

In the mouse ES-R1 cells, the expression levels of the 
aminoglycoside phosphotransferase gene, conferring 
resistance to G418, dropped by 90% when expressed 
subtelomerically from the L-HAC compared to its 



expression levels from a C-HAC. This observation con- 
firmed that the developed L-HAC allowed the study of 
TPE. Furthermore, our observations were in line with 
the data of Pedram et al. (2006), who showed that trans- 
genes, integrated in close proximity to different telomeres, 
were expressed at very low levels compared to the same 
transgenes integrated at interstitial sites (12). Subsequent 
analyses of the expression level of the neomycin resistance 
gene from the L-HAC in other cell lines are fully in line 
with the hypothesis that TPE and subtelomeric chromatin 
are genetic background dependent. Upon transfer of the 
L-HAC to ES-R1 cells and in vivo in mice, the HAC- 
subtelomeric DNA was de novo methylated. Cytosine 
methylation was not observed for the same locus on the 
C-HAC in the same ES-R1 background confirming that 
the de novo subtelomere DNA methylation was instigated 
by the HAC-telomere. However, the HAC-telomere did 
not invoke de novo cytosine methylation in the genetic 
context of other mouse (BALB-c) or chicken (DT40) cell 
lines. Although we did not detect extensive subtelomere 
DNA-methylation in chicken DT40-CRE cell lines, 
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Rincon-Arano et al. (2007) showed that subtelomeric 
DNA methylation is an important player in TPE in 
chicken HD3 cells (39). This again emphasizes that im- 
portant mechanistic differences in TPE exist. By analysing 
TPE and subtelomeric chromatin of the same chromo- 
somal locus in different genetic contexts we provide firm 
evidence that not only telomere length, but also TPE and 
subtelomere chromatin are dictated by the genetic context 
for a specific chromosomal end-cap. Our conclusion is in 
line with the report of Gao et al. (2008) who noticed that 
telomeric transgenes were differentially expressed in 
mouse embryonic stem cells when compared to other 
tissues of the transgenic mice (40). 

As the subtelomeric constructs for NEO and BLAS 
resistance gene expression are tail-to-tail on the L-HAC 
we cannot rule out that the quantitation of NEO mRNA 
expression is confounded by potential read-through tran- 
scripts of the neighboring BLAS R gene. Such hypothetical 
read-through transcripts could have an inhibitory role on 
NEO transcription due to mRNA binding, or could 
artificially augment the amounts of NEO cDNA 
produced by reverse transcription. However, if this 
would be the case, read-through transcription from the 
BLAS R expression construct should be differentially 
regulated in mouse ES and BALB/c cells. Although 
rather unlikely we cannot neglect this hypothesis for 
which however, no hard experimental data are yet 
available. 

The artificial chromosome we developed allows to 
further dissect the molecular mechanisms driving 
telomere length homeostasis in an unprecedented 
manner. Appropriate telomere metabolism appears to be 
linked to an epigenetic imprint present on the telomeric as 
well as on the subtelomeric chromatin. Mouse embryonic 
stem cells and mouse embryonic fibroblasts null for 
Suv39hl and Suv39h2 histone methyltransferases have 
elongated telomeres on random sets of chromosomes, 
but maintained telomeric protective end function (25). 
Similarly, mouse embryonic fibroblasts deficient for Rbl 
(retinoblastoma 1), Rbll (retinoblastoma-like 1) and Rbl2 
(retinoblastoma-like 2) — also known as TKO cells — have 
elongated telomeres that retain their end-capping function 
(26). Additionally, subtelomeric DNA methylation also 
seems to have an important role. Mouse embryonic stem 
cells deficient for DNMT1, or both DNMT3a and 
DNMT3b showed elongated telomeres but increased 
recombinational processing (27). However, caveat in all 
of these studies is that the mutation does not specifically 
alter the (sub-) telomere chromatin conformation but 
affects the entire epigenetic profile of the genome. 
Hence, the telomere aberrations seen in those mutated 
cells can also be explained by the deregulated expression 
of, e.g., proteins involved in telomere length processing. 
By inserting the lac I operon sequences in the subtelomeric 
region of the L-HAC and using chromatin remodelers 
fused to the lac I repressor, which specifically recognizes 
the lac I operon sequences, we aim to site-specifically alter 
the HAC-subtelomeric chromatin conformation and 
dissect the effect on HAC-telomere length homeostasis 
as well as its protective end function in different unique 
genetic backgrounds. 



Our data clearly demonstrate that artificial chromo- 
somes are not only useful transgene vehicles, but are 
also important tools for the study of chromosome struc- 
ture and function. The L-HAC will give us the unique 
opportunity to further clarify telomere biology. Our data 
furthermore indicate that one has to be cautious with the 
use of HACs as CVs given the potential silencing of 
subtelomeric genes. This is the first report that describes 
the targeted linearization of a C-HAC and that reports on 
the processing of de novo telomeres in different genetic 
backgrounds after MMCT. We found two processes that 
are active on telomeres of MMCT-transferred chromo- 
somes: (i) telomere length adaptation (reduction or elong- 
ation); and (ii) de novo subtelomeric DNA methylation 
together with TPE alteration. 
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